
Oxygen uptake kinetics during low level exercise
in patients with heart failure: relation to
neurohormones, peak oxygen consumption, and
clinical findings

H P Brunner-La Rocca, D Weilenmann, F Follath, M Schlumpf, H Rickli, C Schalcher,
F E Maly, R Candinas, W Kiowski

Abstract
Objective—To investigate whether oxygen
uptake (V~O2) kinetics during low intensity
exercise are related to clinical signs,
symptoms, and neurohumoral activation
independently of peak oxygen consump-
tion in chronic heart failure.
Design—Comparison of V~O2 kinetics with
peak V~O2, neurohormones, and clinical
signs of chronic heart failure.
Setting—Tertiary care centre.
Patients—48 patients with mild to moder-
ate chronic heart failure.
Interventions—Treadmill exercise testing
with “breath by breath” gas exchange
monitoring. Measurement of atrial
natriuretic factor (ANF), brain natriu-
retic peptide (BNP), and noradrenaline.
Assessment of clinical findings by ques-
tionnaire.
Main outcome measures—O2 kinetics
were defined as O2 deficit (time [rest to
steady state] × ÄV~O2 − ∑V~O2 [rest to steady
state]; normalised to body weight) and
mean response time of oxygen consump-
tion (MRT; O2 deficit/ÄV~O2).
Results—V~O2 kinetics were weakly to mod-
erately correlated to the peak V~O2 (O2 defi-
cit, r = −0.37, p < 0.05; MRT, r = −0.49,
p < 0.001). Natriuretic peptides were more
closely correlated with MRT (ANF,
r = 0.58; BNP, r = 0.53, p < 0.001) than with
O2 deficit (ANF, r = 0.48, p = 0.001; BNP,
r = 0.37, p < 0.01) or peak V~O2 (ANF,
r = −0.40; BNP, r = −0.31, p < 0.05). Nor-
adrenaline was correlated with MRT
(r = 0.33, p < 0.05) and O2 deficit (r = 0.39,
p < 0.01) but not with peak V~O2 (r = −0.20,
NS). Symptoms of chronic heart failure
were correlated with all indices of oxygen
consumption (MRT, r = 0.47, p < 0.01; O2

deficit, r = 0.39, p < 0.01; peak V~O2,
r = −0.48, p < 0.01). Multivariate analysis
showed that the correlation of V~O2 kinetics
with neurohormones and symptoms of
chronic heart failure was independent of
peak V~O2 and other variables.
Conclusions—Oxygen kinetics during low
intensity exercise may provide additional
information over peak V~O2 in patients with
chronic heart failure, given the better cor-
relation with neurohormones which rep-
resent an index of homeostasis of the
cardiovascular system.
(Heart 1999;81:121–127)
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Oxygen uptake is directly related to cardiac
output and tissue oxygen extraction, and the
rate of change of oxygen uptake at exercise
onset—that is, the oxygen kinetics—are related
to the increase in cardiac output.1 Although
cardiac output at rest may be normal even in
patients with severe left ventricular dysfunc-
tion, stroke volume may increase inadequately
during exercise. On the one hand, this leads to
a reduced peak oxygen consumption at maxi-
mal exercise2–4; on the other hand, it has been
shown that oxygen kinetics at exercise onset are
altered in patients with congestive heart
failure.1 5–9

While peak oxygen consumption is widely
accepted as a good marker of prognosis in
patients with congestive heart failure,2 10–12 the
meaning of altered oxygen kinetics in these
patients is less well defined. Apart from the
unknown prognostic significance of oxygen
kinetics, their relation to symptoms, signs, and
other features of congestive heart failure such
as neurohormonal stimulation is largely un-
known. In addition, studies investigating the
relation between peak oxygen consumption
and the oxygen kinetics at exercise onset have
provided conflicting results.5 7 8 13 This may
partly be explained by the fact that measure-
ments of oxygen kinetics are not yet standard-
ised and diVerent approaches have been used.

It was therefore our aim in this study to
investigate the relation between oxygen kinetics
and a broad spectrum of indicators of conges-
tive heart failure. We hypothesised that oxygen
kinetics, expressed as oxygen deficit and mean
response time of oxygen consumption, are
related to clinical signs, symptoms, and neuro-
humoral activation independently of peak oxy-
gen consumption in patients with mild to
moderate congestive heart failure.

Methods
PATIENT POPULATION

The study comprised 48 patients (44 male,
four female) aged 33 to 74 years (mean (SD),
55 (10) years): 26 (54%) had mild to moderate
chronic congestive heart failure secondary to
coronary artery disease (as documented by
coronary angiography); 18 (38%) had dilated
cardiomyopathy; and four (8%) had valvar
heart disease. All patients had an ejection
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fraction of < 40% (mean (SD) 28 (7)%) and
had been in a stable condition for at least three
months. All were on angiotensin converting
enzyme (ACE) inhibitors and diuretics, 28
were on digitalis, and 22 were on amiodarone;
no patients were on â blockers. Patients whose
exercise capacity was limited for reasons other
than congestive heart failure were excluded
from the study.

The protocol was approved by the local eth-
ics committee, and patients gave informed
consent for their participation in the study.

EVALUATION CRITERIA

All patients were examined in the morning. A
history of symptoms of congestive heart failure
was elicited by a standard questionnaire, and
severity of dyspnoea, orthopnoea, ankle
oedema, and nocturia were judged on a scale
from 0 to 3. After insertion of a venous line for
blood sampling, patients rested in supine posi-
tion for 30 minutes. Thereafter, blood samples
were taken and clinical examination was
performed. Rales on chest auscultation, ankle
oedema, and examination of the jugular vein
were used to assess whether physical signs of
congestive heart failure were present.

Blood pressure was recorded at rest and dur-
ing a Valsalva manoeuvre. Data were recorded
on a computer and analysed oZine by a person
who was blinded to the results of the
ergospirometry. The Valsalva manoeuvre was
performed as follows. Patients were asked to
initiate and maintain expiratory straining for

15 seconds after normal inspiration by blowing
into a tube which was connected to a
sphygmomanometer. The straining pressure
was controlled at 30 mm Hg. The ratio of the
blood pressure amplitude between the begin-
ning and the end of the Valsalva manoeuvre
was calculated using the first three beats and
the last two beats during the straining period.
This ratio was shown to correlate well with
pulmonary capillary wedge pressure.14 The
manoeuvre was repeated if the recording
obtained was unsatisfactory.

ERGOSPIROMETRY

Exercise testing was performed on a treadmill
using a two step protocol. The ECG was moni-
tored continuously with a CASE 12 monitor
(Marquette Corporation, Milwaukee, Wiscon-
sin, USA). Gas exchange was assessed breath
by breath using a CPX/D system from Medical
Graphics Corporation (St Paul, Minnesota,
USA). The system was calibrated before each
test. Oxygen was analysed by a rapidly
responding zirconia fuel cell and carbon
dioxide by an infrared analyser. Flow measure-
ments were performed using a disposable
pneumotachograph.

Patients started walking after reaching a
steady state of gas exchange for at least one
minute while standing quietly on the treadmill.
In order to define the starting point of walking
precisely, patients stood with their feet on the
edge of the treadmill and started walking after
the device had reached a steady state level of
programmed speed and elevation. Initially,
they walked at 1.0 mph with an elevation of 6%
for six minutes, corresponding to approxi-
mately 0.5 W/kg body weight. Thereafter, both
speed and elevation were increased to augment
work load by approximately 0.15 W/kg body
weight/minute until exhaustion. Work load was
assessed by calculating the power to overcome
the elevation (speed * tan[grade] * g) and cover
the distance. Horizontal energy exposure was
estimated by rearrangement of the formula by
the American College of Sports Medicine.15

Oxygen uptake kinetics were assessed during
the first six minutes of exercise. As previously
reported,16 oxygen deficit was calculated ac-
cording to the following formula:

O2 deficit = t × ÄV~O2 − ∑V~O2 (1)
where t is time from rest to steady state (min),
ÄV~O2 is the diVerence between rest and steady
state (ml/min), and ∑V~O2 is the sum of
consumed oxygen from rest to steady state
(ml). Two diVerent methods were used to cal-
culate the O2 deficit. First, software BreezeEx
version 3.0 (Medical Graphics Corporation)
was used and particular care was taken to opti-
mise the correlation coeYcient of curve fitting
(fig 1). Second, V~O2 was summed breath by
breath to determine the cumulative sum of
oxygen consumption in excess of resting V~O2

over six minutes. This sum was subtracted
from the product of the diVerence between
resting and steady state V~O2 and six minutes
according to formula 1, where t was set to six
minutes. Since the results of these methods did
not diVer significantly, only the first was used.
O2 deficit is expressed as ml/kg body weight.

Figure 1 Patient with delayed (upper panel) and normal (lower panel) oxygen uptake
(V~O2 ) kinetics at exercise onset. First vertical line (arrow) indicates onset of exercise and
the second vertical line the time to steady state.
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The mean response time (MRT) of oxygen
consumption was calculated using the follow-
ing formula:

Peak oxygen consumption was defined as
maximum oxygen uptake during ramp exercise
by averaging five of seven consecutive breaths;
it is expressed in ml/min/kg body weight.

The same analysis was used to calculate the
mean response time of heart rate increases
during low intensity exercise. Data over 5 sec-
ond periods were used for the calculations.

LABORATORY MEASUREMENTS

Venous blood was collected into chilled tubes
containing EDTA and aprotinin (500 kU/ml
blood) for assessment of natriuretic peptides,
and into tubes containing lithium heparin for
measurement of noradrenaline. Plasma was
separated immediately using a refrigerated
centrifuge and stored at −80°C until measure-
ment. Noradrenaline was measured by a high
performance liquid chromatography separa-
tion method after solvent extraction.17 Atrial
natriuretic factor (ANF) was determined
directly—that is, without prior extraction, in
duplicate by a competitive radioimmunoassay
with 125I as tracer (Eiken Chemical Company,
Tokyo, Japan). Brain natriuretic peptide (BNP)
was also determined directly in duplicate by a
solid phase immunometric radioimmunoassay

with 125I as tracer (Shionogi Chemical Com-
pany, Osaka, Japan). All analyses were per-
formed by individuals who were blinded to
results of ergospirometry.

STATISTICS

Values are expressed as frequencies and means
(SD) as indicated. Correlations between con-
tinuous variables were assessed using the Pear-
son correlation test. For ordinal data (that is,
history and clinical signs of heart failure), the
Spearman rank correlation was used. Partial
correlation and linear regression were used to
test the independence of statistically significant
correlations between two variables on covaria-
bles. Group comparisons were made using the
unpaired Student’s t test or the Mann–Whitney
U test, as appropriate. A two tailed significance
level of 0.05 was considered statistically signifi-
cant. All analyses were performed using a com-
mercially available statistical package (SPSS
for Windows 6.0).

Results
Patient characteristics are shown in table 1.
Indices of neurohumoral stimulation were
increased in most patients, although 65% were
in New York Heart Association class II, and
mean peak oxygen consumption was > 20
ml/kg/min. Mean respiratory exchange ratio at
peak oxygen consumption was 1.11 (0.09),
confirming the achievement of the anaerobic
stage of exercise testing. In all but four patients,
the respiratory exchange ratio was > 1.0.
Calculations after exclusion of these four
patients did not aVect the results.

Twelve patients (25%) had chronotropic
incompetence, defined as a maximum heart
rate < 80% of the age predicted value.
Although these patients had a significantly
lower peak oxygen consumption (18.2 (3.3) v
21.9 (4.2) ml/kg/min, p < 0.01) and a shorter
exercise duration (8.4 (3.9) v 11.4 (4.2) min,
p < 0.05), neither oxygen kinetics during low
intensity exercise nor neurohormonal measure-
ments diVered from the values found in the
remaining patients. Heart rate increased simi-
larly in both groups during low intensity exer-
cise (19 (14) v 19 (11) beats/min, p > 0.1) but
much less in those with chronotropic incompe-
tence during maximum exercise (47 (14) v 76
(20) beats/min, p < 0.001). Mean response
time of heart rate during low intensity exercise
was not significantly prolonged in the patients
with chronotropic incompetence (54 (28) v 44
(27) seconds, p > 0.1).

The correlation between the spiroergometry
measurements is shown in table 2. As expected,
there were close correlations between maxi-
mum work load and peak oxygen consump-
tion, and between O2 deficit and mean
response time of oxygen consumption at exer-
cise onset. Although statistically significant, the
correlation between peak exercise and oxygen
kinetics at exercise onset was less close. Mean
response time of heart rate at exercise onset
was weakly but significantly correlated with
oxygen kinetics and peak oxygen consumption.

Table 3 shows the correlations between spiro-
ergometry, neurohormone measurements, signs

Table 1 Patient characteristics

Mean (SD) Range

Age (years) 55 (10) 33 to 74
Weight (kg) 80.3 (13.9) 50 to 123
Symptom score 3.3 (1.4) 1 to 7
Physical signs of CHF 17% (n = 8)
Physical examination score 0.31 (0.85) 0 to 4
NYHA class (II/III) 31/17 2 to 3
Ejection fraction (%) 27.6 (7.1) 11 to 40
Systolic blood pressure (mm Hg) 117 (16) 92 to 150
Diastolic blood pressure (mm Hg) 77 (10) 62 to 99
Heart rate supine (beats/min) 70 (12) 47 to 93
Heart rate standing (beats/min) 78 (15) 51 to 114
PAR during Valsalva manoeuvre (%) 69 (22) 18 to 106
ANF (pg/ml) 169.2 (138.8) 24 to 738
BNP (pg/ml) 189.4 (232.3) 3 to 1270
Noradrenaline (nmol/l) 3.7 (1.6) 1.0 to 7.5
Peak V~O2 (ml/kg/min) 21.0 (4.3) 12.9 to 30.8
Duration of ramp exercise (minutes) 10.7 (4.3) 1.3 to 17.3
O2 deficit (ml/kg) 6.0 (2.2) 2.7 to 11.4
MRT (s) 48.2 (14.6) 26 to 87
Heart rate at steady state (beats/min) 98 (18) 73 to 131
Heart rate at peak exercise (beats/min) 140 (24) 90 to 192

ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; CHF, congestive heart failure; MRT,
mean response time of oxygen consumption at exercise onset; NYHA, New York Heart
Association; PAR, pulse amplitude ratio indicating ratio of pulse amplitude during phase 2 and
phase 1 of the Valsalva manoeuvre.

Table 2 Correlation between spiroergometric variables

Peak V~O2

Exercise
capacity O2 deficit MRT O2

Exercise capacity r = 0.80
p < 0.001

O2 deficit r = −0.37 r = −0.58
p<0.05 p < 0.001

MRT O2 r = −0.49 r = −0.63 r = 0.83
p = 0.001 p < 0.001 p < 0.001

MRT HR r = −0.37 r = −0.51 r = 0.39 r = 0.42
p < 0.05 p = 0.001 p < 0.05 p < 0.01

MRT O2, mean response time of oxygen consumption at exercise onset; MRT HR, mean response
time of heart rate at exercise onset.

Oxygen uptake kinetics in heart failure 123

http://heart.bmj.com


and symptoms of heart failure, and the response
of the pulse amplitude to the Valsalva manoeu-
vre. These variables were also compared be-
tween patients with spiroergometric data below
and above the median value. The data show that
neurohormones were more closely related to
oxygen kinetics than to peak oxygen consump-
tion and maximum work load, respectively. Fig-
ure 2 gives scatterplots showing the relation of
natriuretic peptides to peak oxygen consump-
tion and mean response time at exercise onset,

respectively. Although a wide range of variation
existed between natriuretic peptides and mean
response time, correlation was closer than
between natriuretic peptides and peak oxygen
consumption. While there was no correlation
between noradrenaline and peak oxygen con-
sumption, oxygen kinetics were significantly
related to noradrenaline (fig 3).

The ratio of pulse amplitude of phase 2 and
phase 1 of the Valsalva manoeuvre was signifi-
cantly related only to mean response time of
oxygen consumption. Signs and symptoms of
congestive heart failure were equally related to
peak oxygen consumption, maximum work
load, and oxygen kinetics at exercise onset.

Partial correlation analysis showed that the
relations of oxygen kinetics to neurohormones,
pulse amplitude ratio during the Valsalva
manoeuvre, and symptoms of congestive heart
failure, respectively, were not influenced by
peak oxygen consumption, maximum work
load, heart rate changes during exercise,
ejection fraction, or body weight. However, the
signs of congestive heart failure were not
related to oxygen kinetics independently of
peak oxygen consumption and exercise capac-
ity. The relation of peak oxygen consumption

Table 3 Neurohormones, change in pulse amplitude by Valsalva manoeuvre, and symptoms and signs of heart failure in patients below and above median
value of peak oxygen consumption, exercise capacity, O2 deficit, and mean response time, and correlation between these values

Peak V~O2 Exercise capacity O2 deficit MRT

ANF (pg/ml) 225 (174) 118 (66)* 225 (181) 121 (65)* 135 (108) 204 (159)* 107 (67) 237 (165)***
r = −0.40** r = −0.39** r = 0.48*** r = 0.59***

BNP (pg/ml) 266 (294) 118 (128)* 254 (306) 124 (131) 140 (165) 239 (279) 109 (134) 275 (286)**
r = −0.31* r = −0.28 r = 0.37** r = 0.53***

NA (mmol/l) 4.1 (1.7) 3.5 (1.5) 3.9 (1.6) 3.6 (1.6) 3.3 (1.8) 4.2 (1.2)* 3.2 (1.5) 4.4 (1.6)*
r = −0.20 r = −0.18 r = 0.39** r = 0.33*

PAR (%) 72 (24) 67 (21) 74 (24) 64 (20) 65 (25) 73 (18) 62 (25) 77 (15)*
r = −0.26 r = −0.25 r = 0.21 r = 0.37*

Symptoms 4.0 (1.4) 2.6 (1.2)** 3.7 (1.5) 2.8 (1.5) 2.8 (1.0) 3.8 (1.6)* 2.5 (1.2) 4.0 (1.3)***
r = −0.48*** r = −0.29 r = 0.39** r = 0.47***

Signs present 27% 4%* 32% 0%** 4% 29%* 4% 29%*

*p < 0.05; **p < 0.01; ***p < 0.001.
ANF, atrial natriuretic factor; BNP, brain natriuretic peptide; MRT, mean response time; NA, noradrenaline; PAR, pulse amplitude ratio (phase 2 and phase 1 of Val-
salva manoeuvre); Signs, signs of congestive heart failure; Symptoms, symptoms of congestive heart failure.

Figure 2 Scatterplot of peak oxygen consumption (V~O2) (upper panel) and mean response
time (MRT) of oxygen consumption at exercise onset to natriuretic peptides. The correlation
of MRT to natriuretic peptides was closer (ANF, r = 0.59; BNP, r =0.53; p < 0.001) than
the correlation of peak V~O2 (ANF, r = −0.40, p < 0.01; BNP, r = −0.31, p < 0.05).
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and maximum work load to neurohormones
was not influenced by heart rate changes
during exercise, by chronotropic incompe-
tence, or by the ejection fraction. Drugs did not
influence the results. Multivariate regression
analysis showed that all variables were removed
from the equation except mean response time
for natriuretic peptides and symptoms of heart
failure, and oxygen deficit for noradrenaline.

Discussion
It has been shown that oxygen kinetics are
delayed in patients with congestive heart
failure,1 5–9 but no investigation has been done
on which features of congestive heart failure
are related to oxygen kinetics at exercise onset.
In this prospective study, we observed correla-
tions of neurohormones with oxygen kinetics at
exercise onset which exceeded their correla-
tions with variables related to maximum
exercise (that is, peak oxygen consumption and
maximal work load). These relations were
independent of other indices of congestive
heart failure. In addition, the mean response
time of oxygen consumption at exercise onset
showed a significant correlation only with the
change in pulse amplitude induced by the Val-
salva manoeuvre, which is closely related to the
pulmonary capillary wedge pressure.14 18 These
findings suggest that oxygen kinetics may pro-
vide additional information over measures
obtained at peak exercise in the assessment of
patients with congestive heart failure.

The response of oxygen consumption has
three phases: phase I represents an immediate
increase in oxygen consumption during the
first 20 seconds of exercise; phase II is an
exponential increase lasting two to three
minutes; and phase III a steady state or slow
drift depending whether the work load is below
or above the anaerobic threshold.19 While
phase I is caused by an immediate increase in
blood flow through the lungs resulting from
increased inotropy and increased venous
return,20 phase II oxygen kinetics closely reflect
muscular oxygen uptake after the onset of con-
stant work rate exercise.21 Thus the delayed
oxygen kinetics in patients with congestive
heart failure are most probably caused by a
decrease in oxygen availability to poorly
perfused segments of exercising muscles as a
result of an insuYcient increase in cardiac
output.1 Other factors linked to reduced venti-
latory eYciency22 may also contribute to
delayed oxygen kinetics.

In recent years, submaximal exercise testing
has become more popular in assessing patients
with congestive heart failure.1 6–9 23–26 In par-
ticular, the six minute walking test was shown
to predict survival27 and was incorporated into
studies of new therapeutic agents for patients
with heart disease.28 29 The major advantages of
a submaximal exercise test are threefold. First,
it may more eVectively evaluate the impairment
and functional status during daily activities
than maximal exercise testing, although in this
study symptoms of congestive heart failure
were equally related to both oxygen kinetics
and indices of maximum work load testing.
Nevertheless, significant correlations existed

between these variables independently of each
other. Second, patients in whom exercise
capacity is limited for reasons other than
cardiopulmonary disease may be examined by
exercise testing during low intensity exercise
only. Although the six minute walking test has
been used increasingly, oxygen kinetics at exer-
cise onset may provide some advantages since
this test is largely independent of the compli-
ance of the patient. Third, it has recently been
shown that in patients with impaired ejection
fraction early after myocardial infarction the
increase in cardiac output at exercise onset may
be delayed while the maximal cardiac output is
still normal,1 although advanced impairment of
systolic function leads to a reduction in cardiac
output at every stage of exercise.30

Attempts have been made to predict peak
oxygen consumption by submaximal exercise
testing (for example, the six minute walk test).25

However, the kinetics of the increase and the
maximum cardiac output achieved do not nec-
essarily correspond.1 Low intensity exercise
and peak exercise represent diVerent types of
cardiopulmonary response in terms of incre-
ment of cardiac output and ventilatory re-
sponse. At the start of exercise, stroke volume
increases first.31 However, the magnitude of the
increase depends on cardiac function1 among
other factors.32 Further increases in cardiac
output depend mainly on the increase in heart
rate.19 Thus it may be that oxygen kinetics at
exercise onset, with a low work load, are more
dependent on changes of pump function than
heart rate, while peak oxygen consumption is
more heart rate dependent, in agreement with
our results. This may also explain the influence
of chronotropic incompetence on peak oxygen
consumption while oxygen kinetics are unaf-
fected. One could further speculate that the
higher the work load, the more heart rate
dependent oxygen kinetics become. This could
explain the finding that the correlation between
mean response time and peak oxygen con-
sumption is better with a higher work load at
steady state.33 This may also explain the better
correlation between the two methods in heart
failure patients using a higher work load than in
the present study.5 7 Interestingly, a study in
healthy volunteers using a low work load of 35
watts found a similar relation to the one shown
in our present study.13 Nevertheless, compari-
son between diVerent studies might be compli-
cated by the diYculty in assessing peak oxygen
consumption because of the influence of
patient motivation and the subjective evalua-
tion of the physician with regard to the end
point of the exercise test.34 Several clinical trials
have shown that neurohormonal stimulation is
associated with the clinical progression of heart
failure and indicates a poor prognosis inde-
pendent of other clinical variables.3 35–39 In par-
ticular, levels of natriuretic peptides and
noradrenaline seem to be good indices of the
severity of heart failure, and clinical progression
is reflected in their plasma levels. Against this
background, it is tempting to speculate that oxy-
gen kinetics at exercise onset may be a marker of
prognosis in patients with congestive heart
failure which is independent of peak oxygen
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consumption, given the significant and inde-
pendent correlations with natriuretic peptide
and noradrenaline concentrations. However,
larger trials would be required to address this
question.

LIMITATIONS

There are several limitation of this study. The
number of patients investigated is relatively
small, making multivariate analysis diYcult.
Thus it is conceivable that the closer relations
between oxygen kinetics and neurohormones
than indices of maximum work load was a
chance finding. However, the findings with two
diVerent neurohormones (natriuretic peptides
and noradrenaline), symptoms of congestive
heart failure, and an indirect assessment of
pulmonary capillary wedge pressure were con-
sistent. In addition, partial correlation showed
that correlations between oxygen kinetics and
the other variables were independent of
maximal exercise testing. Multivariate
regression further supported that finding.
Hence it seems likely that oxygen kinetics pro-
vide additional information to peak oxygen
consumption.

The work load at exercise onset was
relatively low, making an influence of phase I of
the oxygen uptake on oxygen kinetics likely.
However, this work load was chosen to allow all
patients to reach a steady state of oxygen con-
sumption within six minutes of exercise. Since
some of our patients had advanced heart
failure, a relatively low work load was necessary
to achieve this aim. Nevertheless, assessment of
oxygen kinetics was possible in all patients and
comparison between two diVerent methods of
calculation (that is, breath by breath and curve
fitting) did not influence the results. In
addition, depressed pump function might be
better detected at low work load, as discussed
above.

Patients on drugs that may influence heart
rate response (for example, digoxin or amio-
darone) were not excluded from this study.
This might have influenced our results since an
eVect of â blockade on oxygen kinetics has
been shown in healthy people.40 However, we
recruited relatively unselected patients with
heart failure, making our results applicable to
most heart failure patients. In addition, our
analysis showed that drug treatment did not
aVect the results significantly.

Finally, we used a protocol with a fixed
treadmill speed and elevation rather than a
fixed workload, which might have aVected our
results. However, protocols for treadmill exer-
cise testing generally use steps with fixed speed
and elevation, and partial correlation showed
that body weight did not influenced our results.
Nevertheless, this may complicate any direct
comparison between our present study and
previous studies, as may the lack of an accepted
standard for assessment of oxygen kinetics.
Thus, standardisation of this kind of exercise
testing is needed.

CONCLUSION

Our study shows that mean response time of
oxygen consumption at exercise onset and oxy-

gen deficit normalised by body weight, which
do not require the patient’s maximum eVort,
are more closely correlated with neurohumoral
stimulation than with variables of maximum
exercise such as peak oxygen consumption or
maximum work load. Since neurohumoral
stimulation represents an index of homeostasis
of the cardiovascular system and relates to the
severity, progression, and prognosis of heart
failure, assessment of oxygen consumption
during low intensity exercise may provide
additional information over indices of peak
exercise in patients with congestive heart
failure. Finally, oxygen kinetics during low
intensity exercise may be more suitable than
peak exercise testing in patients whose exercise
capacity is limited for reasons other than
cardiopulmonary disease (mainly musculo-
skeletal disability).

1 Koike A, Hiroe M, Adachi H, et al. Oxygen uptake kinetics
are determined by cardiac function at onset of exercise
rather than peak exercise in patients with prior myocardial
infarction. Circulation 1994;90:2324–32.

2 Mancini DM, Eisen H, Kussmaul W, et al. Value of peak
exercise oxygen consumption for optimal timing of cardiac
transplantation in ambulatory patients with heart failure.
Circulation 1991;83:778–86.

3 Cohn JN, Johnson GR, Shabetai R, et al. Ejection fraction,
peak exercise oxygen consumption, cardiothoracic ratio,
ventricular arrhythmias, and plasma norepinephrine as
determinants of prognosis in heart failure. The V-HeFTVA
Cooperative Studies Group. Circulation 1993;87:VI5–16.

4 Stelken AM, Younis LT, Jennison SH, et al. Prognostic value
of cardiopulmonary exercise testing using percent achieved
of predicted peak oxygen uptake for patients with ischemic
and dilated cardiomyopathy. J Am Coll Cardiol 1996;27:
345–52.

5 Koike A, Yajima T, Adachi H, et al. Evaluation of exercise
capacity using submaximal exercise at a constant work rate
in patients with cardiovascular disease. Circulation 1995;91:
1719–24.

6 Sietsema KE, Ben Dov I, Zhang YY, et al. Dynamics of oxy-
gen uptake for submaximal exercise and recovery in
patients with chronic heart failure. Chest 1994;105:1693–
700.

7 Riley M, Porszasz J, Stanford CF, et al. Gas exchange
responses to constant work rate exercise in chronic cardiac
failure. Br Heart J 1994;72:150–5.

8 Chelimsky Fallick C, Stevenson LW, Lem V, et al. Excessive
oxygen deficit during low-level exercise in heart failure. Am
J Cardiol 1995;76:799–802.

9 Cross AMJ, Higginbotham MB. Oxygen deficit during exer-
cise testing in heart failure. Relation to submaximal
exercise tolerance. Chest 1995;107:904–8.

10 Miller LW, Kubo SH, Young JB, et al. Report of the consen-
sus conference on candidate selection for heart
transplantation—1993. J Heart Lung Transplant 1995;14:
562–71.

11 Miller LW. Candidate selection for heart transplantation.
Cardiol Clin 1995;13:93–100.

12 Aaronson KD, Schwartz JS, Chen TM, et al. Development
and prospective validation of a clinical index to predict sur-
vival in ambulatory patients referred for cardiac transplant
evaluation. Circulation 1997;95:2660–7.

13 Lewalter T, Rickli H, MacCarter D, et al. Oxygen uptake
kinetics during low intensity exercise: relevance for rate
adaptive pacemaker programming. Heart 1997;77:168–72.

14 McIntyre KM, Vita JA, Lambrew CT, et al. A noninvasive
method of predicting pulmonary-capillary wedge pressure.
N Engl J Med 1992;327:1715–20.

15 American College of Sports Medicine. Guidelines for grades
exercise testing and prescription. Philadelphia: Lea and
Febiger, 1986:157–72.

16 Whipp BJ. Rate constant for the kinetics of oxygen uptake
during light exercise. J Appl Physiol 1971;30:261–3.

17 Bauch HJ, Kelsch U, Hauss WH. Einfache, schnelle,
selektive und quantitative Bestimmung von adrenalin und
Noradrenalin im Plasma durch Kombination von Flüs-
sigextraktion, HPLC-Trennung und elektrochemischer
Detektion. J Clin Chem Clin Biochem 1986;24:651–8.

18 Brunner-La Rocca HP, Fatio R, Follath F. Non-invasive
assessment of pulmonary-capillary wedge pressure in
patients with congestive heart failure [abstract]. Eur Heart J
1997;18:646.

19 Wasserman K, Hansen JE, Sue DY, et al. Principles of exercise
testing and interpretation. Philadelphia: Lea and Febiger,
1994.

20 Weiler-Ravell D, Cooper DM, Whipp BJ, et al. The control
of breathing at the start of exercise as influenced by
posture. J Appl Physiol 1983;55:1460–6.

21 Springer C, Barstow TJ, Wasserman K, et al. Oxygen uptake
and heart rate responses during hypoxic exercise in
children and adults. Med Sci Sports Exerc 1991;23:71–9.

126 Brunner-La Rocca, Weilenmann, Follath, et al

http://heart.bmj.com


22 Sullivan MJ, Higginbotham MB, Cobb FR. Increased exer-
cise ventilation in patients with chronic heart failure: intact
ventilatory control despite hemodynamic and pulmonary
abnormalities. Circulation 1988;77:552–9.

23 Lipkin DP, Scriven AJ, Crake T, et al. Six minute walking
test for assessing exercise capacity in chronic heart failure.
BMJ 1986;292:653–5.

24 Faggiano P, D’Aloia A, Gualeni A, et al. Assessment of oxy-
gen uptake during the 6-minute walking test in patients
with heart failure: preliminary experience with a portable
device. Am Heart J 1997;134:203–6.

25 Cahalin LP, Mathier MA, Semigran MJ, et al. The
six-minute walk test predicts peak oxygen uptake and sur-
vival in patients with advanced heart failure. Chest
1996;110:325–32.

26 Riley M, McParland J, Stanford CF, et al. Oxygen
consumption during corridor walk testing in chronic
cardiac failure. Eur Heart J 1992;13:789–93.

27 Bittner V, Weiner DH, Yusuf S, et al. Prediction of mortality
and morbidity with a 6-minute walk test in patients with
left ventricular dysfunction. JAMA 1993;270:1702–7.

28 Australia–New Zealand Heart Failure Research Collabora-
tive Group. EVects of carvedilol, a vasodilator-beta-
blocker, in patients with congestive heart failure due to
ischemic heart disease. Circulation 1995;92:212–18.

29 Levine TB. The design of the mortality assessment in con-
gestive heart failure trial (MACH-1, mibefradil). Clin Car-
diol 1997;20:320–6.

30 Swedberg K, Gundersen T. The role of exercise testing in
heart failure. J Cardiovasc Pharmacol 1993;22(suppl
9):S13–17.

31 Loeppky JA, Greene ER, Hoekenga DE, et al. Beat-by-beat
stroke volume assessment by pulsed Doppler in upright
and supine exercise. J Appl Physiol 1981;50:1173–82.

32 Rowell LB. Human circulation during physical stress. New
York: Oxford University Press, 1986:215.

33 Sietsema KE, Daly JA, Wasserman K. Early dynamics of O2
uptake and heart rate as aVected by exercise work rate. J
Appl Physiol 1989;67:2535–41.

34 Janicki JS, Gupta S, Ferris ST, et al. Long-term reproduc-
ibility of respiratory gas exchange measurements during
exercise in patients with stable cardiac failure. Chest 1990;
97:12–17.

35 Keogh AM, Baron DW, Hickie JB. Prognostic guides in
patients with idiopathic or ischemic dilated cardiomyopa-
thy assessed for cardiac transplantation. Am J Cardiol
1990;65:903–8.

36 Kaye DM, Lefkovits J, Jennings GL, et al. Adverse
consequences of high sympathetic nervous activity in the
failing human heart. J Am Coll Cardiol 1995;26:1257–63.

37 Benedict CR, Shelton B, Johnstone DE, et al. Prognostic
significance of plasma norepinephrine in patients with
asymptomatic left ventricular dysfunction. SOLVD Investi-
gators. Circulation 1996;94:690–7.

38 Omland T, Aakvaag A, Bonarjee VV, et al. Plasma brain
natriuretic peptide as an indicator of left ventricular systo-
lic function and long-term survival after acute myocardial
infarction. Comparison with plasma atrial natriuretic pep-
tide and N-terminal proatrial natriuretic peptide. Circula-
tion 1996;93:1963–9.

39 Swedberg K, Eneroth P, Kjekshus J, The CONSENSUS
Trial Study Group. Hormones regulating cardiovascular
function in patients with chronic congestive heart failure
and their relation to mortality. Circulation 1990;82:1730–6.

40 Petersen ES, Whipp BJ, Davis JA, et al. EVects of
â-adrenergic blockade on ventilation and gas exchange
during exercise in humans. J Appl Physiol 1983;54:1306–
13.

Oxygen uptake kinetics in heart failure 127

http://heart.bmj.com

